Introduction
============

Breast cancer is one of the leading causes of cancer-associated mortality among females worldwide, which affects about one in eight females in developed countries ([@b1-or-0-0-7401],[@b2-or-0-0-7401]). Increased incidence rates and mortality rates have been reported in most developed and developing countries, respectively ([@b3-or-0-0-7401]). In China, the health burden of cancer is increasing. Every year, more than 1.6 million individuals are diagnosed with breast cancer and 1.2 million patients succumb to breast cancer. In numerous countries, including China, breast cancer is now the most common type of cancer diagnosed in females ([@b4-or-0-0-7401]).

Numerous studies have confirmed that different molecular subtypes of breast cancer differ in their clinicopathological characteristics, differ in regards to the benefit from various chemotherapy regimens and differ in regards to patient prognosis ([@b5-or-0-0-7401]--[@b7-or-0-0-7401]). Breast cancer has been classified into distinct subtypes, including luminal, human epidermal growth factor receptor-2 (Her-2)-enriched and basal-like ([@b8-or-0-0-7401],[@b9-or-0-0-7401]). In 2003, Sorlie *et al* ([@b10-or-0-0-7401],[@b11-or-0-0-7401]) divided the luminal type into two subtypes of luminal A and luminal B.

Luminal subtype A is defined as estrogen receptor (ER)- or progesterone receptor (PR)-positive, Her-2-negative and Ki67 low expression as determined by immunohistochemistry. This type is the most common subtype of breast cancer and is associated with the best prognosis ([@b12-or-0-0-7401]). Luminal subtype B is a subtype of breast cancer with ER- or PR-positive status, either positive or negative regarding Her-2 and high expression of Ki67. Luminal subtype B is most commonly identified in elderly patients with breast cancer, where ductal carcinoma is common ([@b13-or-0-0-7401]). Her-2-positive breast cancer is Her-2-positive upon immunohistochemistry (3+) or fluorescence *in situ* hybridization, negative for ER and PR, and has high expression of Ki67. The molecular characteristics of Her-2-positive breast cancer are obvious amplification of the erb-b2 receptor tyrosine kinase 2 (*ERBB2*) gene, and upregulation of associated genes, including growth factor receptor bound protein 7 (*GRB7*) and *TRAP100* ([@b14-or-0-0-7401],[@b15-or-0-0-7401]). Basal-like is a molecular subtype that has been studied more frequently. Its characteristics are lack of ER and Her-2 expression and high expression of the biomarkers of the basal epithelium, which is derived from the outer layer of the ductal epithelium ([@b16-or-0-0-7401],[@b17-or-0-0-7401]). Basal-like breast cancer and triple-negative breast cancer (TNBC) are basically the same subtypes. Basal-like is a subtype of breast cancer identified according to the gene expression profile, while TNBC is identified by immunohistochemistry and exhibits certain differences in its characteristics ([@b18-or-0-0-7401],[@b19-or-0-0-7401]).

TNBC refers to breast cancer with negative ER, PR and proto-oncogene Her-2 upon immunohistochemical examination of cancer tissues. This type of breast cancer accounts for 12-17% of all pathological types of breast cancer, with a distinct biological behavior and clinicopathological characteristics, and a worse prognosis than other types ([@b20-or-0-0-7401]). According to research, the local recurrence of TNBC is not significantly different from that of non-TNBC, but the incidence of distant metastasis is higher. The incidence rates of lung metastasis and liver metastasis were reported to be high, but there was no difference regarding bone and brain metastasis ([@b21-or-0-0-7401]--[@b23-or-0-0-7401]). It is important to identify biomarkers to predict the sensitivity to chemotherapy and prognosis of TNBC patients.

Exosomes are described as vesicles of 40--100 nm in diameter, which are secreted by certain cells ([@b24-or-0-0-7401]). Exosomes may be secreted by tumor cells during tumor progression and metastasis. They have been reported to have vital roles in the progression and metastasis of the tumor by communication via molecules including lipids, proteins, mRNAs and microRNAs (miRNAs/miRs) ([@b25-or-0-0-7401]--[@b27-or-0-0-7401]). Exosomes may hold promise as potential biomarkers, and separation and detection of circulating tumor-associated exosomes may be used for the diagnosis of cancer patients ([@b28-or-0-0-7401]). Blocking of exocrine secretions may inhibit the occurrence of tumors ([@b29-or-0-0-7401]).

miRNAs are a type of non-coding, conserved and single-stranded RNAs consisting of 18--24 nucleotides. Mature single-stranded miRNA fragments are integrated with the argonaut protein (Ago2) and target mRNA to form the RNA-mediated silencing complex to regulate post-transcriptional gene expression by either inhibiting the translation process or promoting the degradation process of the target mRNA ([@b30-or-0-0-7401],[@b31-or-0-0-7401]). miRNAs regulate the stability of target mRNAs or inhibit translation to control cell proliferation, differentiation, invasion, migration and apoptosis, and have a key role in tumorigenesis and progression ([@b32-or-0-0-7401]). In the present study, RNA sequencing was applied to detect tumor-specific miRNAs in exosomes that may be associated with the onset and progression of breast cancer.

Materials and methods
=====================

### Subjects

All of the subjects included in the present study presented themselves to the Cancer Center of Meizhou People\'s Hospital (Meizhou, China) for medical examination between October 2015 and January 2016. The patients were aged between 30 and 69 years and their mean age was 49.83±9.763 years. The study was performed on the basis of the Declaration of Helsinki, and was supported by the Ethics Committee of Meizhou People\'s Hospital.

### Sample collection and total RNA extraction

Two peripheral blood samples were taken from each subject at the same time; 4 ml was used for detection of tumor markers, while 5.0 ml of peripheral venous blood was collected in tubes with EDTA anti-coagulant for detection of miRNAs from patients with breast cancer and healthy controls. Plasma was separated and transferred to 1.5-ml RNA centrifuge tubes (RNase-free) and then packaged and stored at −80°C for exosome isolation and RNA extraction. Prior to sampling, the subjects did not receive any pre-operative radiotherapy and/or chemotherapy and were diagnosed with breast cancer by pathology.

Exosome isolation was performed using Exosome Isolation Reagent (RiboBio Co., Ltd.) according to the manufacturer\'s protocol. Total RNA was extracted from the exosomes using TRIzol reagent (Invitrogen, Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. The quantity and purity of total RNA were evaluated with a Nanodrop 2000 (Thermo Fisher Scientific, Inc.), and the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent Technologies) was used to analyze RNA integrity.

### Library construction and high throughput sequencing

Library construction of small RNA was performed with the Illumina TruSeq small RNA sample pre Kit (Illumina, Inc.), with which joints were directly added to the specific structure of the 3′ and 5′end of the small RNA (5′end phosphate group, 3′end hydroxyl group). Subsequently, the RNA was reverse-transcribed to complementary (c)DNA. Following PCR amplification, the target DNA fragments were separated by PAGE, and the cDNA libraries were recovered and purified. PAGE was used to separate the target DNA fragments after PCR and recover and purify the cDNA library.

After the libraries were constructed, they were preliminarily quantified by Qubit2.0 and the libraries were diluted to 1 ng/µl. An Agilent 2100 (Agilent Technologies, Inc.) was used to detect the library size. The insert size was in line with the expectations, and accurate quantification of the effective concentration of the libraries (libraries with an effective concentration of \>2 nM) was performed using quantitative (q)PCR in order to ensure the quality of the libraries. After the qualification of the libraries, the different libraries were sequenced on the Illumina HiSeq 2500 platform (Illumina, Inc.) according to the protocols of RiboBio Co., Ltd.

### Identification of differentially expressed miRNAs

The adapter sequences and low-quality sequences were removed prior to data analysis. The remaining reads were referred to as 'clean reads' and acquired for the transcriptome assembly and quantification. Next, the index of the reference genome was built using Bowtie v2.0.6 (<http://bowtie-bio.sourceforge.net>) and paired-end clean reads were mapped to the reference genome using TopHat v2.0.9 (<http://ccb.jhu.edu/software/tophat/index.shtml>). The transcriptome assemblies were then generated using Cufflinks v2.1.1 (<https://cole-trapnell-lab.github.io/cufflinks>) with the default parameters. The miRNA sequencing reads of each sample were normalized to fragments per kilobase of transcript per million mapped reads values using Cuffdiff v2.1.1 (<http://cole-trapnell-lab.github.io/cufflinks>). The P-value and fold change were calculated for each gene. P\<0.05 and \|log~2~(foldchange)\|\>1 were set as the threshold for significantly differential expression.

### Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis

GO analysis was performed to elucidate the potential biological process terms of the differentially expressed genes in GO annotations. Furthermore, pathway analysis was utilized to screen out the significant pathways of the differentially expressed genes according to the KEGG database. Fisher\'s exact test was applied to evaluate whether the GO terms or the KEGG pathways were enriched by the differentially expressed genes, and P\<0.05 was set as the threshold of significant difference.

### Reverse transcription (RT)-qPCR

Differentially expressed miRNAs were randomly selected and their expression levels were detected by RT-qPCR. To validate the sequencing results regarding differentially expressed miRNAs, six upregulated miRNAs \[*Homo sapiens* (hsa)-miR-148a-5p, hsa-miR-200a-5p, hsa-miR-210a-3p, hsa-miR-378a-3p, hsa-miR-483-5p and hsa-miR-7110-5p\] and two downregulated miRNAs (hsa-miR-92b-3p and hsa-miR-150-5p) were selected. The qPCR forward primer sequences were as follows: 5′-AAGTTCTGAGACACTCC-3′, 5′-CATCTTACCGGACAGT-3′, 5′-TGTGACAGCGGCTAA-3′, 5′-CTGGACTTGGAGTCAGAAG-3′, 5′-AGACGGGAGGAAAGAA-3′, 5′-TGTGGGGAGAGAGAG-3′, 5′-TATTGCACTCGTCCCG-3′ and 5′-CAACCCTTGTACCAGTG-3′, respectively. Total RNA from exosomes was extracted using an RNeasy Kit (TianGene Co., Ltd.) and reverse-transcribed to cDNA using the following conditions: 42°C for 1 h, 70°C for 10 min and a hold at 4°C. The cDNA was amplified using miRNA assay primers and the SYBR Green Mix (RiboBio Co., Ltd.) on the Roche Lightcycler 480 (Roche Molecular Systems, Inc.). In addition, a common reverse primer was used in the present study, with the sequence: 5′-CAGTGCGTGTCGTGGAGT-3′. Each reaction was performed under the following conditions: initialization for 10 min at 95°C, followed by 40 cycles of amplification, with 2 sec at 95°C for denaturation, 20 sec at 60°C for annealing, and 10 sec at 70°C for elongation. The expression of exosomal miRNAs was quantified using the 2^−ΔΔCq^ ([@b33-or-0-0-7401]) method and all miRNA expression values were normalized against the U6 internal control.

### Comparison of exosomal miRNA profiles between patients with and without recurrence of breast cancer

The 27 subjects were followed up for 2 years. The differential expression of miRNAs in patients with and without recurrence of breast cancer was analyzed. Blood samples were collected from all of these patients at the time-point of diagnosis. Based on the follow-up results, the differential expression of miRNAs at the initial diagnosis was analyzed, aiming to identify miRNAs at the time-point of initial diagnosis that are able to predict the presence of metastasis.

### Statistical analysis

SPSS statistical software version 19.0 (IBM Corp.) was used for data analysis. Values are expressed as the mean ± standard deviation. Chi-square was used to compare the frequencies. Multigroup comparisons of the means were carried out by one-way analysis of variance (ANOVA) test with post hoc contrasts test were used to determine the statistical significance of differences between groups. P\<0.05 was considered to indicate statistical significance. Receiver operating characteristic (ROC) curve analysis was performed and the area under the ROC curve (AUC) was calculated to determine the diagnostic value of certain differentially expressed miRNAs randomly selected for differentiating between breast cancer patients and healthy controls.

Results
=======

### Clinical characteristics

A total of 27 breast cancer patients and 3 healthy controls participated in the present study. The clinical characteristics of the 30 subjects of this study, including age, clinical stage, immunohistochemistry, tumor markers and blood lipid levels, are presented in [Table SI](#SD1-or-0-0-7401){ref-type="supplementary-material"}.

### Statistics of the sequencing data

A total of 395,775,015 raw reads were obtained, with an average of 13,192,500 raw reads for each sample. After data filtering and normalization, 372,788,760 clean reads were obtained, with an average 12,426,292 clean reads for each sample. The Q30 mean value was 94.19%, with a range of 91.13--97.83% for each sample. This indicated that the quality of these 30 libraries was suitable for the subsequent analysis. Detailed information on the quality of the sequencing data is presented in [Table SII](#SD1-or-0-0-7401){ref-type="supplementary-material"}.

### Differentially expressed miRNAs in exosomes

miRNAs were analyzed with strict quality control of the data, and a total of 1,835 miRNAs were identified. In order to systematically study the level of miRNA expression associated with breast cancer, 27 patients with breast cancer and 3 healthy controls were analyzed in the present study. Hierarchical clustering of the miRNAs in breast cancer patients and healthy controls is provided in [Fig. 1](#f1-or-0-0-7401){ref-type="fig"}.

Volcano plots were used to analyze the overall distribution of differentially expressed miRNAs. The fold change and corrected significance level were used to screen differentially expressed miRNAs. No significant differences in miRNAs were identified among the basal-like, HER-2^+^, luminal A, luminal B and HC groups. Compared to the miRNA expression profiles of the healthy controls, a total of 54 differentially expressed miRNAs were discriminated in TNBC patients, including 20 upregulated miRNAs and 34 downregulated miRNAs (P\<0.05). A volcano plot is displayed in [Fig. 2](#f2-or-0-0-7401){ref-type="fig"} and a list of miRNAs identified to be differentially expressed between TNBC patients and HCs is provided in [Table SIII](#SD1-or-0-0-7401){ref-type="supplementary-material"}. The blue and red in the figure indicate that reduced and increased expression, respectively. The frequency of base usage among miRNA sequences is indicated in [Fig. 3](#f3-or-0-0-7401){ref-type="fig"}.

### GO and KEGG pathway analyses

To study the functions and associated pathways of the miRNAs identified in the present study, GO and pathway analyses were performed. The hierarchical classification of genes in the categories cellular component, molecular function of biological process revealed gene regulatory networks.

TNBC-associated miRNAs were selected and the biological process pathways enriched by these miRNAs were studied. Analysis indicated statistically significant accumulation of pathways linked to proliferation, signal transduction and migration, and the associated functions are presented in [Fig. 4](#f4-or-0-0-7401){ref-type="fig"}. These pathways included the 'Ras signaling pathway', 'mTOR signaling pathway', 'Axon guidance', 'proteoglycans in cancer', 'sphingolipid signaling pathway', 'adenosine monophosphate kinase (AMPK) signaling pathway' and 'thyroid hormone signaling pathway'.

### RT-qPCR validation of miRNA expression

To validate the sequencing data for certain miRNAs, the expression levels of six upregulated miRNAs (hsa-miR-148a-5p, hsa-miR-200a-5p, hsa-miR-210a-3p, hsa-miR-378a-3p, hsa-miR-483-5p and hsa-miR-7110-5p) and two downregulated microRNAs (hsa-miR-92b-3p and hsa-miR-150-5p) in the exosome of TNBC patients (n=20) and healthy controls (n=20) were verified by RT-qPCR. Details concerning the patient collective used for verification of the data are provided in [Table SI](#SD1-or-0-0-7401){ref-type="supplementary-material"}. U6 small nuclear RNA was used as the internal control. As presented in [Fig. 5](#f5-or-0-0-7401){ref-type="fig"}, there were significant differences in the expression of eight miRNAs between TNBC patients and healthy controls. The results of RT-qPCR were consistent with those of the RNA sequencing.

### Comparison of exosomal miRNA profiles between patients with and without recurrence of breast cancer and ROC analysis

Certain miRNAs were differentially expressed in exosomes of patients with vs. without recurrence. Hierarchical clustering of differentially expressed miRNAs between patients with and without recurrence in breast cancer is provided in [Fig. 6](#f6-or-0-0-7401){ref-type="fig"}. hsa-miR-150-5p, hsa-miR-576-3p and hsa-miR-4665-5p were considered as potential biomarkers in the patients with recurrence.

Certain differentially expressed miRNAs in the exosome were randomly selected for evaluating their ability to distinguish patients with recurrence of breast cancer from those without recurrence, and their diagnostic value was determined by ROC curve analysis. miRNAs with a P\<0.05 and an AUC\>0.6 were selected as markers with the ability to distinguishing between patients with and without recurrence in breast cancer. More specifically, the ROC curves yielded the following AUCs: miR-150-5p (AUC=0.705, upregulated), miR-576-3p (AUC=0.691, upregulated), miR-4665-5p (AUC=0.681, upregulated). These miRNAs were identified to be able to discriminate breast cancer patients with recurrence from without recurrence. The ROC curves are provided in [Fig. 7](#f7-or-0-0-7401){ref-type="fig"}.

Discussion
==========

The development of human cancers is a multi-step process in which normal cells acquire traits that eventually lead them to become cancer cells. The interaction between tumor cells and the surrounding microenvironment is key in overcoming this obstacle and promoting tumor progression and metastasis. Exosomes are membrane-derived vesicles that are regarded as important mediators for intercellular communication in recent years. They carry lipids, proteins, mRNAs and miRNAs and may be transferred to recipient cells by fusion of exosomes and target cell membranes. In the context of cancer cells, this process requires the transfer of pro-cancer cell content to surrounding cells within the tumor microenvironment or into the circulation to function at a distance to allow the cancer to progress. In this process, exosomal small RNAs are transferred to recipient cells, where they regulate the expression of target genes.

miRNAs are endogenous, non-coding RNAs that regulate gene expression mainly at the post-transcriptional level, and their expression depends on the physiological and pathological state of the body. To date, characteristic miRNA expression patterns have been identified in malignant tumors, which are different from those in normal tissues. Detection of these miRNAs may be an important means of early diagnosis, targeted therapy and prognostication of patients with malignant tumors. However, miRNAs are intracellular molecules that reside inside the cells, and it is difficult to assess the expression levels of miRNAs from the cells in deep tissues. miRNAs in exosomes are protected from exposure to nucleases and shear stress, and these characteristics make exosomal miRNAs potential markers for disease detection. It is well known that exosome-encapsulated miRNAs serve as ideal biomarkers for disease detection at an early stage.

In breast cancer patients, certain miRNAs may be abnormally expressed, thereby promoting the proliferation, survival or metastasis of tumor cells. For instance, miR-2l, miR-10b, and miR-155 are frequently overexpressed in breast cancer cells ([@b34-or-0-0-7401]), and miR-30b, miR-126, miR-17P, miR-335 and miR-205 are frequently downregulated in breast cancer cells ([@b35-or-0-0-7401],[@b36-or-0-0-7401]). miRNAs that are abnormally expressed in breast cancer have multiple roles, but they may be divided into cancer-promoting or tumor-suppressor miRNAs. They exert their cancer-promoting or tumor-suppressing effects by affecting the corresponding signaling pathways and transcription factors. For instance, miR-21 exerts its promoting effect on the anti-apoptotic protein Bcl-2, as well as programmed cell death 4 and p53 ([@b37-or-0-0-7401]), and its concentration in serum and breast cancer tissues is positively associated with metastasis and the poor prognosis of breast cancer patients. By contrast, miR-155, let-7e, miR-10a, miR-144 and miR-193 exert anti-apoptotic effects by acting on caspase-3 ([@b38-or-0-0-7401]). Overexpression of miR-155 may also activate the JAK/STAT3 pathway and promote tumorigenesis and development. miR-10b promotes downregulation of E-cadherin expression ([@b39-or-0-0-7401]). Others, including miR-27a, miR-96 and miR-182, may have a cancer-promoting role by inhibiting forkhead box O1 (FOXO1) ([@b40-or-0-0-7401]).

Previous studies on the association between miRNAs and breast cancer were summarized and compared with the present results. By targeting GLUT1, miR-22 may inhibit the proliferation and invasion of breast cancer cells, and the expression of miR-22 and GLUT1 in breast cancer tissue samples exhibits a negative correlation ([@b41-or-0-0-7401]). NF-E2-related factor 2 (Nrf2) is an important transcription factor that activates the expression of cellular detoxifying enzymes. miR-200a regulates the Keap1/Nrf2 pathway in mammary epithelium and re-activates the Nrf2-dependent anti-oxidant pathway in breast cancer ([@b42-or-0-0-7401],[@b43-or-0-0-7401]). Estradiol-G-protein-coupled estrogen receptor 1 induces the level of HOTAIR through the suppression of miR-148a. miR-148a levels were reported to be negatively correlated with HOTAIR levels in breast cancer patients ([@b44-or-0-0-7401]--[@b46-or-0-0-7401]). Studies have reported an association between miR-210 and neo-adjuvant chemotherapy in HER2-positive breast cancer ([@b47-or-0-0-7401],[@b48-or-0-0-7401]). Furthermore, the expression level of miR-378 was found to be highly associated with breast cancer. Overexpression of miR-378 in formalin-fixed and paraffin-embedded tissues of breast cancer patients may serve as an ideal diagnostic biomarker for breast cancer ([@b49-or-0-0-7401]). miR-378a-3p was reported to modulate the sensitivity of breast cancer MCF-7 cells to tamoxifen through targeting Golgi transport 1A ([@b50-or-0-0-7401]). Various studies suggest that treatment with miR-296 is effective in ER-negative breast cancers. A combination of let-7 with miR-296 may be an efficient molecular medicine for any type of breast cancer ([@b51-or-0-0-7401]). The miR-320a/metadherin pathway is a putative therapeutic target in breast cancer and dysregulation of miR320a may be involved in invasive breast cancer progression ([@b52-or-0-0-7401],[@b53-or-0-0-7401]). Another study suggested that modulating the levels of miR-34a, a tumor-suppressor miRNA, may be a novel and useful approach for breast cancer therapy ([@b54-or-0-0-7401]). The present study also indicated differential expression of the above mentioned miRNAs in breast cancer.

Among the miRNAs identified to be differentially expressed in the present study, certain miRNAs have been previously reported in breast cancer. Chabre *et al* ([@b55-or-0-0-7401]) indicated that circulating miR-483-5p is a promising non-invasive biomarker for the clinical outcome of adrenocortical carcinoma. miR-486-5p was also reported to be downregulated in patients with lymph node metastases ([@b56-or-0-0-7401]), lung adenocarcinoma ([@b57-or-0-0-7401]) and breast cancer ([@b58-or-0-0-7401]). miR-490-3p is downregulated in triple-negative breast cancer (TNBC) and has a suppressive role in cancer cell proliferation, invasion and tumorigenesis ([@b59-or-0-0-7401]), and the present results were consistent with this finding. Lower expression levels of miR-378a-3p were reported to be associated with poor prognosis for tamoxifen-treated patients with breast cancer ([@b50-or-0-0-7401]). Decreased expression of miR-122-5p was reported in patients with all stages and grades of breast cancer ([@b60-or-0-0-7401]). Several studies found that miR-210 expression is associated with breast cancer patient survival ([@b61-or-0-0-7401]). miR-320a was found to inhibit the proliferation, invasion ([@b62-or-0-0-7401]) and metastasis ([@b53-or-0-0-7401]) of breast cancer. miR-34a-5p was suggested as a potential biomarker of chemotherapy-associated cardiac dysfunction in breast cancer patients ([@b63-or-0-0-7401]). Circulating miRNAs are potential biomarkers for distinguishing inflammatory breast cancer (IBC) from non-IBC, and may also be a candidate for early detection of breast cancer ([@b64-or-0-0-7401]). High levels of miR-374b-5p were found to be associated with a favorable outcome for TNBC ([@b65-or-0-0-7401]). The expression levels of miR-155-5p were reported to be upregulated in TNBC ([@b66-or-0-0-7401]--[@b68-or-0-0-7401]). The present results were consistent with these studies. The clinical outcome for patients with breast cancer presenting with positive miR-361-5p expression was significantly better than that of patients with negative miR-361-5p expression ([@b69-or-0-0-7401]). Another study found that miR-361-5p is downregulated in TNBC tissues and that overexpression of miR-361-5p inhibits the proliferation, migration and invasion of TNBC cells ([@b70-or-0-0-7401]). A further study indicated that miR-429 is upregulated in TNBC ([@b71-or-0-0-7401]). miR-92a-3p may be part of target pathways for selective intervention to suppress hormone-regulated metastasis in breast cancer ([@b72-or-0-0-7401]).

In the present study, TNBC-specific miRNAs were identified and subjected to GO functional enrichment analysis in the category biological process and KEGG pathway analysis, revealing that these miRNAs were significantly accumulated in pathways associated with proliferation, signal transduction and migration. Certain pathways were found to be associated with cancer, mainly including the 'Ras signaling pathway' ([@b73-or-0-0-7401],[@b74-or-0-0-7401]), 'mTOR signaling pathway' ([@b75-or-0-0-7401],[@b76-or-0-0-7401]), 'axon guidance' ([@b77-or-0-0-7401]), 'proteoglycans in cancer' ([@b78-or-0-0-7401],[@b79-or-0-0-7401]), 'sphingolipid signaling pathway' ([@b80-or-0-0-7401]), 'AMPK signaling pathway' ([@b81-or-0-0-7401],[@b82-or-0-0-7401]), 'thyroid hormone signaling pathway' ([@b83-or-0-0-7401]), 'ErbB signaling pathway' ([@b84-or-0-0-7401]) and 'epidermal growth factor receptor tyrosine kinase inhibitor resistance' ([@b85-or-0-0-7401],[@b86-or-0-0-7401]).

ROC curve analysis was performed to assess the sensitivity and specificity of miRNAs as diagnostic biomarkers. The exosome levels of hsa-miR-150-5p, hsa-miR-576-3p and hsa-miR-4665-5p were higher in breast cancer with recurrence compared to those in patients without recurrence. Therefore, the results indicated that these exosomal miRNAs may serve as novel biomarkers with a predictive value for breast cancer recurrence. It is important to explore the association between miRNAs and the diagnosis, treatment and prognosis of breast cancer. However, current understanding of the regulatory mechanisms of miRNAs is still superficial and their interaction with other regulatory mechanisms requires further analysis. The present study may provide insight into the important roles of certain miRNAs in the occurrence and development of breast cancer.

As a diagnostic marker, exosomes are stable, capturable, bioactive and real-time. However, there are currently limitations regarding the application of exosomes as clinical markers, including specificity, source clarity, enrichment efficiency, detection methods and convenience of extraction. In addition to miRNAs, exosomal mRNA and protein will become a novel research 'hotspot'. Regarding precise applications as treatment targets and biomarkers, the mechanisms of exosomes in complex tumor-associated processes require further elucidation.

In conclusion, in the present study, miRNA expression profiles between TNBC and healthy controls were produced and analyzed by bioinformatics, revealing that certain miRNAs may have important roles in various biological and pathological processes of TNBC. These results may provide useful biological information for the early diagnosis of TNBC patients. In addition, certain exosomal miRNAs may serve as novel biomarkers, as they were determined to be of predictive value for the recurrence of breast cancer compared with non-recurrence. Yet, further studies are required to reveal the functional significance of abnormally expressed miRNAs in breast cancer, which is one of our next major research goals.
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![Heat map of the microRNAs in breast cancer patients and healthy controls. miRNA expression is hierarchically clustered on the y-axis, and plasma samples from breast cancer patients (basal-like, n=6; HER-2^+^, n=6; luminal A, n=3; luminal B, n=6; TNBC, n=6) and healthy controls (n=3) are hierarchically clustered on the x-axis. The red and the blue shades indicate an increase and a decrease in expression level, respectively. TNBC, triple negative breast cancer; HC, healthy control.](or-43-01-0240-g00){#f1-or-0-0-7401}

![Volcano plot of differential microRNA expression. x-axis, log~2~(fold change); y-axis, −1×log~10~(padj) for each probes. The scattered dots represent the individual microRNAs, the blue dots represent the microRNAs with no significant difference, the red dots represent the significantly upregulated differential microRNAs, and the green dots represent the significantly downregulated differential microRNAs. TNBC, triple-negative breast cancer; HC, healthy control.](or-43-01-0240-g01){#f2-or-0-0-7401}

![Frequency of base usage among microRNA sequences. The abscissa of which is the base position of the microRNA, and the ordinate of which is the percentage of base A/U/C/G present in the microRNA. Red indicates A; blue, U; green, C; brown, G. TNBC, triple-negative breast cancer; HC, healthy control.](or-43-01-0240-g02){#f3-or-0-0-7401}

![Pathway analysis of differentially expressed microRNAs. Kyoto Encyclopedia of Genes and Genomes analysis of target genes of differentially expressed microRNAs. The lower the P-value, the more significant the pathway.](or-43-01-0240-g03){#f4-or-0-0-7401}

![Validation of RNA-seq results by RT-qPCR. Eight differentially expressed microRNAs were selected and examined by RT-qPCR. The fold change from RT-qPCR was determined using the 2^−ΔΔCq^ method and all microRNA expression values were normalized against the U6 internal control. Data from RT-qPCR are shown as mean ± standard deviation (SD) of one representative experiment. The data are expressed as the mean ± SD (n=20). TNBC, triple-negative breast cancer; HC, healthy control.](or-43-01-0240-g04){#f5-or-0-0-7401}

![Hierarchical clustering of microRNAs between patients with and without recurrence in breast cancer. miRNA expression is hierarchically clustered on the y-axis, and plasma samples from breast cancer patients with and without recurrence are hierarchically clustered on the x-axis. The red and the green shades indicate an increase and a decrease in expression level, respectively.](or-43-01-0240-g05){#f6-or-0-0-7401}

![Three differentially expressed microRNAs in exosomes were randomly selected for differentiating between patients with and without recurrence in breast cancer to evaluate the diagnostic value by ROC analysis. Receiver operating characteristic (ROC) curves were generated to assess the diagnostic accuracy of these microRNAs, and the sensitivity and specificity of the optimum cut-off point were defined as those values that maximized the area under the ROC curve (AUC). MicroRNAs with a P\<0.05 and an AUC\>0.6 were selected as successful distinguishing markers for patients with and without recurrence in breast cancer.](or-43-01-0240-g06){#f7-or-0-0-7401}
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